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CRYSTAL SYMMETRY AND ATOMIC INTERACTIONS 
L. A. ASLANOV 
Chemical Department, Moscow State University, Moscow 119899, U.S.S.R. 
Almtract--A crystal-chemical model of atomic interactions has been suggested which considers the 
conditions necessary for the attainment by a crystal of the minimum potential energy, which provides the 
appearance of symmetry including the translation one. The model has been tested on crystal structures 
of elemental substances and 26 structural types of inorganic ompounds. The appearance of crystals 
symmetry, including the translation one, is explained in terms of multiatomic interactions (cooperative 
effect) reducing the potential energy of a multiatomic system to its minimum. 
INTRODUCTION 
Atomic interactions in a crystal determine the symmetry of a crystal as a whole and that of 
coordination polyhedra. A crystal-chemical model of atomic interactions (CCMAI) will be 
considered which provides the conditions for the minimum potential energy of the crystal and, as 
a consequence, for the appearance of a symmetry (including the translation one). 
DESCRIPTION OF THE MODEL 
The most general rule explaining the formation of crystals is the principle of the maximum filling 
[1] which states that the potential energy of a crystal is minimal if atoms (approximated byspheres) 
in the structure have the maximum possible number of admissible contacts. 
The initial hypothesis of the CCMAI, which specifies the principle of the maximum filling, is 
the statement that the minimum of the potential energy of atoms entering the coordination sphere 
depends not only on the number of such atoms but also on their mutual arrangement. 
For brevity, herinafter a coordination polyhedron and its central atom will be called a complex 
and atoms occupying the vertices of the coordination polyhedron will be called ligands. Consider 
a complex in which all the ligands are identical, consisting of only one atom and are equidistant 
from the central atom. Connecting the ligand centers by straight lines, we get a polyhedron 
inscribed into a sphere. The minimum of the potential energy of the complex is attained if two 
conditions are met--all the polyhedron edges hould be equal and all the polyhedral ngles hould 
be congruent or symmetric, i.e. should be of the same type. These requirements are satisfied by 
the Platonic regular solids (PRSs) and Archimedean semiregular solids (ASRSs) [2]. The ASRSs 
embrace solids obtained by the truncation of a cube or an icosahedron and also of prisms and 
antiprisms, not all of them but only those in which polygonal faces have relatively small number 
(m) of sides since with an increase in m the coordination polyhedron becomes thinner tending to 
a circumference for m~oc. It is also necessary to include into consideration an 
Archimedean-Ashkinusean semiregular solid [3]. The first of the two above requirements (the 
minimum of the potential energy of the complex) corresponds to the minimum energy of pair 
interactions among atoms forming the coordination sphere. The second one corresponds to the 
minimum energy of atomic interactions within the same coordination sphere. 
In a series of ASRSs, each antiprism has the corresponding prism. If to consider a tetrahedron 
as an antiprism built by two dumb-bells, then a square should be considered as a prism 
corresponding to a tetrahedron. In the crystal-chemical analysis one should also consider an 
equilateral triangle and a dumb-bell. 
The maximum distances between the points of a sphere of a certain radius correspond to the 
minimum of the repulsion energy for these points and are obtained if all the faces of a polyhedron 
inscribed into a sphere are triangular. For the coordination umber (CN) equal to eight, neither 
a cube nor a tetragonal ntiprism are favorable. The most favorable polyhedron i  this case is an 
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Table I. Melting enthalpy (AHM), the type of crystal structure and atomic radii of transition metals 
Atomic radius, 
A 1.45 1.39 1.36 1.34 1.34 1.37 1.44 1.46 1.40 1.37 1.35 1.35 1.38 1.44 
Metal Nb Mo Tc Ru Rh Pd Ag Ta W Re Os Ir Pt Au 
AHm, kJ/mole 27.6 36.4 23.9 24.3 21.6 16.7 11.3 34.8 61.5 33.5 31.8 26.4 19.7 12.6 
Structure type bee hcp foe bcc hcp fcc 
eight-vertex dodecahedron with edges of different lengths and two types of polyhedral angles. This 
example shows that the PRSs and ASRSs should be complemented with polyhedra the shape of 
which is established only after the appropriate study. 
The second basic statement of the CCMAI is the necessity of taking into account not only the 
first but also the following coordination spheres for the majority of crystal substances. It is an 
additional factor minimizing the potential energy of the crystal. 
The energy of a crystal in comparison with that of the melt may be judged, in the first 
approximation, from the experimental data on the enthalpy of crystal melting--the higher the 
melting enthalpy, the higher the crystal energy. The maximum melting enthalpy for elemental 
substances increases along the long periods of the periodic system from alkali metals ( ~ 2 k J/mole) 
to the metals of the 5th and 6th groups (V, Mo, W) and then decreases, attaining the minimum 
value for Zn, Cd, Hg, Ga, In and Tl (2-7 k J/mole). 
Consider the melting enthalpy for 4(I- and 5d-elements (Nb--Ag and Ta-Au) [4]. This group of 
metals has been chosen because of the absence of phase transitions and also because of the filling 
of inner (d) and not the outer electronic shells, which levels the differences in the individual 
properties of atoms and, in particular, the differences in their metallic radii. Close atomic radii in 
this group creates the premises for approximately equal interaction energy for the pairs of atoms 
in crystals under the condition that this energy depends mainly on the atomic interactions. In the 
above two series one can clearly distinguish three groups of elements possessing different crystal 
structures (Table l). The first group is built by the metals of the 5th and 6th groups of the periodic 
system having the body centered (bcc) structures. An increase in the melting enthalpy in the 
transition from the elements of the 5th group to those of the 6th group may be explained by a 
decrease in the atomic radii of metals [l]. A further increase of atomic radii in the transition to 
the elements of the 7th group should result in a still further increase of the melting enthalpy, but 
in actual fact, it drastically decreases, which may be explained by the change of the structure type 
(bcc) to hexagonal close packing (hcp). Another jump-wise decrease of the melting enthalpy is 
observed when the hcp-structure is changed to a face-centered cubic (fcc) structure. Note here that 
the latter jump is not associated with a variation in atomic radii since they are almost the same 
for Ru and Rh, Os and Ir. The following decrease in the melting enthalpy for the series Rh, Pd, 
Ag and Ir, Pt, Au seems to be associated with a monotonic increase of the atomic radii. 
The crystal energy depends not only on the energy of pair atomic interactions but also on the 
number of such interactions, the sum of which determines the crystal energy. At first glance it seems 
that the melting enthalpy in bcc structures having no closest packing should be lower due to a 
smaller number of the shortest contacts (8 instead of 12 for hcp and fcc structures), but the 
experiment does not confirm this prediction. The experimental values of the melting enthalpy may 
be explained from the structural standpoint if to assume that bec structures are formed by atoms 
which interact over a wider range of distances, which in turn increases the number of pair atomic 
interactions including the atoms of the second coordination sphere. Developing this hypothesis 
further on, one should also assume that in hcp structures pair atomic interactions occur in a more 
limited region around the central atom, whereas in fcc structures the crystal energy is due mainly 
to the interactions between the atoms of the first coordination sphere. 
An important point is also long-range atom-atom interactions. It seems that the interaction 
energy rapidly decreases with the distance between the atoms and therefore it is difficult o consider 
the contributions which come to the potential energy of the crystal from distant coordination 
spheres. But the following geometrical factor should be taken into account. Each coordination 
sphere, beginning from the second one, covers not a spherical atom, as the first sphere, but a solid 
built by several atoms and having an individual relief. Therefore, the atoms of the next coordination 
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Fig. 1. To the appearance of the translation symmetry in bcc crystals. (a) The first coordination spheres 
of bcc structures. The central atom of the initial complex is indicated by a cross, its first coordination 
sphere is indicated by small circles, one of them (in a square) being the central atom of the secondary 
complex. The atoms of the first coordination sphere of the secondary complex are denoted by large circles. 
Both complexes (the initial and the secondary ones) share two atoms depicted by a cross in a large circle 
and by a small circle in a square. The dashed line denotes the axis of possible vibrations of the two 
complexes with respect to one another. (b) The first (small and large circles) and second (small and large 
triangles) coordination spheres in bcc structures. The central atoms of the initial and secondary complexes 
are denoted by a cross and a square, respectively. The rhombidodecahedron of the secondary complex 
is depicted by a solid line, t denotes the translation. 
sphere interact not only with the central atom but also with the atoms of the previous phere and 
forming an arrangement which depends on the above relief. Thus the first and the second 
coordination spheres (a cube and an octahedron) in crystals with a bec structure form together a
semiregular polyhedron with equal faces--a rhombidodecahedron--dual to a cubotahedron. 
Therefore, the third coordination sphere--a cuboctahedron--in bc.c structures i the logic extension 
of the first two spheres. The fourth coordination sphere is built by two truncated tetrahedra inserted 
one into another as dual tetrahedra. Both truncated tetrahedra re undistorted, but their location 
on the same sphere is unfavorable and should increase the potential energy of the crystal. However, 
atoms of the fourth coordination sphere make just such an arrangement following the relief formed 
by the atoms of the previous pheres. 
The third main statement of the CCMAI predicts the appearance of the translation symmetry 
due to the minimization of the potential energy of the crystal. Thus in bec crystals any atom of 
the first coordination sphere (a cube) builds around itself just the same first coordination sphere 
as the central atom of the initial complex. These spheres hare only one atom--the central atom 
of the initial complex included now into the first coordination sphere of a new complex [Fig. l(a)]. 
This atom by itself cannot "fix" a new coordination sphere relative to the coordination sphere of 
the initial complex and therefore both coordination spheres may rotate relative to one another in 
a certain (may be very narrow) angular range around the axis connecting the two central atoms 
of the initial and newly built complexes. But if an atom of the second and not the first coordination 
sphere (an octahedron) in a bcc structure builds up two coordination spheres, similar to the central 
atom of the initial two-sphere complex, then two rhombidodecahedra formed by the pairs of two 
coordination spheres--a cube and an octahedron--share already six atoms, namely two central 
ones [Fig. 1 (b)] and four atoms of the first coordination sphere. Any atom of the first coordination 
sphere of the initial complex can also form two coordination spheres. Then two rhom- 
bidodecahedra share five atoms including two central ones, which provides the rigid orientation 
of one rhombidodecahedra with respect o another one and thus also the translation symmetry. 
This process of building up two coordination spheres around the peripheral atoms of the initial 
complex and not spheres independent of the initial complex results in the formation of a crystal 
with the minimum potential energy. 
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ANALYSIS OF CRYSTAL STRUCTURE 
The data on the space groups and atomic coordinates for the crystals considered below were 
taken from Refs [5, 6]. 
Among elemental substances, crystal structures with cubic face-centered lattice, in which each 
atom is surrounded with the nearest neighbors occupying the cuboctahedron vertices, is rather 
typical; such a structure ispossessed by many metals (Table l) and by inert gases with the exception 
of He. The second coordination sphere is such structures i an octahedron, the third one is a 
distorted rhombicuboctahedron with unequal edges (owing to distortions, the energy of this 
coordination sphere is not minimal). 
A large number of PRSs and ASRSs among coordination spheres of bcc crystals (see above) in 
comparison with fcc structures confirm our conclusion that the first two or three coordination 
spheres are important for the formation of a bcc structure in crystals, whereas a hcp structure is
determined mainly by the firtt coordination sphere. 
A two-layered hexagonal close packing is typical for a series of metals, e.g. for those listed in 
Table 1. The central atom of the first coordination sphere is surrounded by neighboring atoms 
occupying the vertices of the hexagonal cuboctahedron which is not an ASRS since its polyhedral 
angles are of two different kinds. However, its stability may be explained if we are to assume that 
the distance range for atomic interactions between atoms constituing such structures i wider than 
for hcp crystals, being however not as wide for bcc structures. In this case the contribution to the 
crystal energy from the interaction of atoms, which do not have direct contacts in the structure, 
increases, especially from atoms which belong to the opposite faces of the cuboctahedron. These 
interactions should not necessarily cause the transition to a hexagonal cuboctahedron. They may 
result in flattening of the cuboctahedron along the three-fold axis and the approach of the opposite 
triangular faces of the cuboctahedron (asin the case of the mercury structure) or along the four-fold 
axis and the approach of the opposite square faces of the cuboctahedron (as in the case of In and 
-Mn structures). But more often another variant is encountered-all vertices of the cuboctahedron 
remain on the sphere, but one of the triangular cuboctabedron faces is rotated through 60 °, thus 
transforming the cuboctahedron into its hexagonal nalogue. This distance between the vertices 
of the triangular faces forming upon the rotation a trigonal prism, become shorter or longer: 
instead of six equal distances A [Fig. 2(a)] we have now three short (B) and three long (C) distances 
[Fig. 2(b)]. Since the values of A and B are to the right of the minimum of the atomic interaction 
[in Fig. (c)] the minimum of the curve corresponds tothe shortest distance, e.g. between the atoms 
of the first coordination sphere and the central atom] then the bending of this portion of the curve 
may result in the effect hat shorter distances decrease the energy of the complex to a larger extent 
than the longer distances increase this energy. 
In hcp structures the second coordination sphere--a trigonal prism--is distorted. The ratio of 
the edge parallel to the three-fold axis to the edge of the triangular fact is 70.53°: 90.00 ° (in the 
spherical geometry notation). But Zn and Cd atoms in crystal structures of these lements interact 
at distances longer than in other hcp structures. As a result, the trigonal prism in the second 
coordination sphere approaches an ASRS, namely, in the Cd structure the edge of the triangular 
face reduces down to 84.26 °and the edges parallel to the three-fold axis increase up to 78.47 °. These 
changes are accompanied by the distortion of the first coordination sphere in the Cd structure in 
comparison with a hop structure--the edges inclined to the three-fold axes of the hexagonal 
cuboctahedron increase from 60 ° up to 63.11 °. But a larger range of atomic interactions for Cd 
(Zn) structure in comparison with the structures of Mg or metals of the 7th and 8th groups (Table 
1) provides only a slight increase, if at all, of the crystal energy due to such a distortion. The 
contribution to the crystal energy made by atomic interactions within the second coordination 
sphere reduces the total energy of the crystal. 
The example of hcp structures clearly demonstrate he role of two coordination spheres in the 
crystal formation. Many other structure types also confirm the important role of the first and 
second coordination spheres. Thus the Po structure with a primitive cubic lattice (the first 
coordination sphere of any atom is an octahedron, the second one is a cuboctahedron) is formed 
despite avery low packing density in the structure---52.33%. In diamond-like structures (possessed 
in addition to diamond also by Si, Ge and grey tin) the first coordination sphere is a tetrahedron, 
the second one is a cuboctahedron, and the third one is a truncated cube. 
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Fig. 2. A cuboctahedron and its hexagonal analogue. (a) A cuboctahedron, a  elongated octahedron with 
a hexagon, A is the length of an elongated oetahedron edge. (b) A trigonai prism with a hexagon, the 
hexagonal nalogue ofa eubotahedron, B and C are the short and long distances between the vertices 
of the trigonal prism. (e) The gain in the potential energy in the hexagonal analogue ofa cuboctahedron 
(see text for details). 
It should be emphasized that in all the above considered examples, coordination polyhedra of 
the first coordination sphere are put in the polyhedra of the second one and the second sphere is 
put in the third one in such a way that all the three-fold axes of all the polyhedra coincide, which 
provides the formation of cubic crystals. 
Similar laws are also valid for hexagonal and trigonal crystals. If the first coordination sphere 
of the central atom is a tetrahedron, the second one is a hexagonal cubotahedron with both 
polyhedra being displaced along the three-fold axis and three symmetry planes along this axis, we 
arrive at the lonsdaleite structure, the hexagonal analogue of diamond. 
An important combination of coordination polyhedra is that of a trigonal prism flattened along 
axis 3 of the trigonal prism, in the first coordination sphere and a hexagonal cuboctahedron in the 
second one. Each atom of the second sphere builds up its environment up to a trigonal prism in 
the first coordination sphere and up to a hexagonal cuboctahedron i  the second one. Such a 
sequence of coordination polyhedra leads to the lattice type. . .  ABAC . . . .  hc possessed, e.g. by 
the La structure. 
For Po, La, diamond and lohsdaleite structures with the coordination umber in the first 
coordination sphere smaller than twelve (the above examples had coordination umbers ix and 
four) the key role in the formation of the translation symmetry isplayed by the second coordination 
sphere. Each atom of the second coordination sphere becomes a center for the formation of new 
coordination spheres put one into another, the cuboctahedron of the crystal fragment including 
the central atom and two coordination spheres being shifted parallel to itself in such a way that 
the atom of the second coordination sphere of the fragment becomes the central atom, whereas 
the central atom of the crystal fragment enters the second coordination sphere. 
In crystal structures of elemental nonmetals an important part is also played by the 
Hume-Rothery rule [6] which reflects the existence of bonding between atoms and the formation 
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of diatomic I2 (Br2, C12) molecules, infinite chains of the hexagonal Se (Te) structures or corrugated 
layers of the As (Sb, Bi) structures. All these crystal structures have three-layered packings lightly 
distorted because of two possible types of interatomic ontacts--shorter ones between atoms 
forming covalent bonds and longer ones between atoms of different molecules, chains or layers. 
Thus in all such structures, each atom in the first coordination sphere is surrounded by two other 
atoms lying at the vertices of slightly distorted cuboctaherda. 
A nucleus consisting of the central atom and some coordination spheres (one twelve-atom sphere 
in fcc and hcp structures is an exception to the general rule) may form a crystal not only for 
elemental substances (metals, inert gases, nonmetals) but also for compounds. Thus, if the central 
atom of the Po-type structure and the atoms of the second coordination sphere are of the same 
kind (e.g. a certain metal), whereas the atoms of the first coordination sphere are of another kind 
(nonmetal), we arrive at the NaCI structure type. Note here that metal and nonmetal atoms in the 
coordination sphere are interchangeable. 
If in crystals with the bcc structure the central atom and the second coordination sphere are built 
by metal (nonmetal) atoms whereas the first coordination sphere is built by nonmetal (metal) 
atoms, we arrive at the CsCI structure type. The structure types of diamond and lonsdaleite built 
by atoms of two kinds yield sphaleritc and wurtzite (ZnS) types, repectively. 
If the La structure type consists of equal number of the atoms of two kinds, we have the NiAs 
structure type with nickel atoms filling cubic layers and arsenic atoms occupying hexagonal ones 
( . . .  ABAC . . . . . . .  chch . . . .  NiAsNiAs,..). For a binary compound with the 1 : 3 atomic ratio, 
one of four layers in the La-type structure is filled with one species and three other layers with 
the other species, as is the case, e.g. in the 0~-UO 3 structure where one (A) of the cubic layers is 
occupied with uraonium atoms. The structure is flattened along the six-fold axis. As a result, the 
octahedron of the first coordination sphere of a U-atom is complemented with 2 O's lying over 
the centers of the opposite faces of the octahedron thus forming a slightly distorted cube. 
The structure types of ~-AI2 03 (corrundum), FeTiO3 (ilmenite) and LiNbO3 are also derivatives 
of the La structure type. Indeed, cubic layers A are occupied by metal atoms and hexagonal layers 
(B and C) are filled with O's. The stoichiometry of the above compounds results in only partial 
occupancy of sites A and the above structure types differ from one another by the arrangement 
of metal atoms over the sites of layers A [7]. The above examples (~-AI 2 03, FeTiO3, LiNbO3) show 
that the first coordination sphere of an O-atom is not necessarily a trigonal prism. The formation 
of the second coordination sphere of twelve atoms is provided by its fragment cosisting of four 
atoms. 
It is known [8], that the ruffle structure (TIP2) is also a derivative of the NiAs structure type 
in which 50% of the Ni sites are empty. If one considers the orthorhombic setting of the hexagonal 
unit cell, then the vacancies transform the orthorhombic cell from a base-centered to primitive one 
with the corresponding decrease of the lattice parameters bo and Co = Ch (here subscripts o, h and 
t stand for orthorhombic, hexagonal and tetragonal). Since in the NiAs-structure the axis ratios 
bo/ao = 1.73 and co/ao ffi 1.63, where ao = ah, are very close, then upon the compression of the lattice 
along axes bo and co both parameters attain a value of 1.55 and, according to the generalized 
Shubnikov-Curie principle [9], a four-fold axis appears in the rutile crystal in the direction ormal 
to the six-fold axis of the initial NiAs structure. Axis ao becomes axis ct, axis Co becomes a~, and 
axis bo is now b t. 
The anatase structure (TiO2) is closely related to the NaCI structure type [8] but in anatase only 
half of metal sites of the NaCI type are occupied. As a result, anatase retains only one four fold 
axis of three possessed by the NaC1 type, and the structure becomes tetragonal. 
The consideration of the rutile and anatase structures show that the formation of the structure 
is provided by the presence in the first coordination sphere of the central 0 atom of the fragment 
consisting of three metal atoms and forming an acute equilateral triangle (a fragment of a trigonal 
prism) for futile and an obtuse equilateral triangle (a fragment of an octahedral) for anatase. 
Therefore, the coordination polyhedron i  the second coordination sphere is slightly distorted. The 
construction spheres around each 0 atom of the second coordination sphere just as about the 
central 0 atom results in the appearance of the translation symmetry. In the white-tin structure, 
tin atoms are surrounded, in the first coordination sphere, with atoms occupying the vertices of 
a slightly distorted octahedron and in the second one with atoms at the vertices of a tetrahedron, 
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one of axes ~ of the tetrahedron coinciding with axis 4 of the octahedron, two remaining axes 
of the tetrahedron being directed along axes 2 of the distorted octahedron. In other words, the 
symmetry elements of the tetrahedron and the cube do not coincide and, according to the 
generalized Shubnikov-Curie principle [9], the structure retains only those symmetry elements 
which coincide, the other symmetry elements vanishing. The distortion of the octahedron of the 
first coordination sphere occurs because the atoms of the second ones are located on the octahedron 
edges. But these are individual features of the white tin structure, the most important fact here is 
than the combination of PRSs and ASRSs in tetragonal structures should be different from than 
in cubic ones--the reduction of the cubic symmetry down to tetragonal one may also occur because 
some symmetry elements of the first and the following coordination spheres having the shape of 
PRSs or ASRSs (even if it is slightly distorted) not necessarily coincide. 
The PtS structure isbuilt in a somewhat different way. The first coordination sphere of a Pt atom 
(a square of S atoms) has no three-fold axes in distinction from the second coordination sphere 
(a cuboctahedron f Pt atoms) which leads to the tetragonal symmetry. 
One more example of the reduction of the symmetry from cubic down to tetragonal due to 
individual features of the structure is chalcopyrite, CuFeS2, the unit cell of which is equivalent to 
two sphalerite unit cells. In chalcopyrite all S atoms are surrounded with two Cu atoms at the 
tetrahedron vertices and two Fe atoms, which results in the formation of the double unit cell of 
the sphalerite type. 
The above examples--rutile, anatase, white tin, PtS and CuFeS2 show that the crystal symmetry 
may reduce down to tetragonal owing to various reasons. Comparing these structures with cubic 
and hexagonal ones, one may draw the conclusion that for crystals of lower symmetry ever growing 
number of individual structure features are "imposed" on the combinations of PRSs and ASRs, 
which reduces the crystal symmetry. 
Table 2 lists the coordination spheres for different structures. In four of them, SrTiO3, ReO3, 
Cu3VS4 and BiF3, the atoms of the previous coordination sphere are the centers for further crystal 
growth, but the coordination polyhedra of next spheres are a truncated octahedron (for the first 
three structures) or a cube. These coordination spheres govern the formation of the coordination 
spheres around the atoms of the preceding coordination spheres and provide the appearance of
the translation crystal symmetry. In all the remaining structures of Table 2 the atoms of the last 
coordination spheres coincide with the central atoms of the complexes. 
But in some structures the central atoms are replaced by the central clusters consisting of a group 
of atoms in the shape of a PRS or a ASRs. Thus in the spinel structure the central cluster is built 
by four AI and four O atoms occupying the vertices of a cube in such a way that the AI atoms 
form a tetrahedron dual to the tetrahedron of O atoms. The first coordination sphere consists of 
two parts: the vertices of the central cluster occupied with AI atoms are surrounded with a truncated 
tetrahedron of O atoms, and the tetrahedron of O atoms from the central cluster is surrounded 
with Mg atoms occupying the vertices of the tetrahedron i  such a manner that the Mg atoms are 
over the centers of faces of the truncated tetrahedron with the vertices occupied with O atoms. The 
triangular faces of the truncated tetrahedron of the first coordination sphere and the AI atoms of 
the central cluster form the halves of four cubes equivalent to the central cluster, therefore these 
Table 2. Coordination spheres for some structure types 
Coordination spheres, species 
Central 
Structure type atom 1 2 3 4 5 
CaF: Ca c.,F co.,Ca 
SrTiO Ti 0.,O c.,Sr o.,Ti t.o.,O 
ReOj Re 0.O o.,Re t.o.,O 
K, PtCI 6 Pt o.,Cl c.,K t.o.,CI co.,Pt 
Cu20 O t.,Cu c.,O t.t.,Cu 0.,O 
Cu3VS4 V t.,S o.,Cu t.t.,S o,,V 
BiF 3 Bi c.,F o.,F co.,Bi c.,F 
Cr 3 Si Si i.,Cr c.,Si i.,Cr o.,Si 
,8-MgCu 2 Mg t.t.,Cu t.,Mg 
NaZn,3 Na s.c.,Zn c.,Zn o.,Na 
Th3P , Th 8d.,P 8d.,Th 
t.o.,Cu 
Notation: t. tctrahedron (4); o. octahedron (6); c. cube (8); co. cuboctahedron (12); t.o. truncated 
octahedron (24); t.t. truncated tetrahedron (12); i. icosahedron (12), s.c. snub cube (24); 8d. 
eight-vertex dod¢cahedron (8). Bracketed are the numbers of polyhedron vertices. 
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cube halves are built up (with A1 and O atoms) to cubes identical to the central cluster. The 
formation around AI4 04 cubes of the first coordination spheres consisting of truncated tetrahedra 
with O's at the vertices and the tetrahedra of Mg atoms occurs in a way similar to that for the 
initial duster. Thus all the space is filled, and the translation symmetry arises. The central dusters 
were also observed for Pt3 04, Cr23 C6, Ir5 Sn7, and Mg2 Cu6A15 structures. The compound CoAs3 
consists of only one type of clusters--CosAs12 dodecahedra. In more detail, these structures will 
be considered elsewhere together with the results of the crystal-chemical nalysis of Be2SiO4, 
Mg2SiO4, ZrSiO4 and CAW04 structures. All these structures are explained from the standpoint of 
the CCMAI. 
DISCUSSION 
The CCMAI permits one to determine the conditions necessary for providing the minimum 
potential energy of a multiatomic system not invoking any energy calculations. Firstly, the model 
takes account of pair atomic interactions (the condition of equal edges for PRS and ASRS). Such 
interactions seem to make the main contribution to the potential energy of a multiatomic system. 
Thus, the melting enthalpy of elemental metals on the average is by two orders of magnitude lower 
than their atomization energy [4], i.e. the condensation of a gas into a liquid is responsible for the 
largest part of the potential energy of a multiatomic system. Since a liquid possesses no long-range 
order, this energy should be ascribed to pair atomic interactions. 
Secondly, the model takes account of cooperative multiatomic interactions: it takes into 
consideration ot only the interactions of each atom with all the other atoms within the 
coordination sphere under study (the condition of symmetry or congruency of the polyhedral 
angles of PRSs and ASRSs) but also the conditions necessary for the appearance of the translation 
symmetry, which permits one to consider an atom in the crystal structure both as a central atom 
of the complex and as an atom entering the coordination sphere of another central atom. The 
intersection of the coordination spheres of different cental atoms form the crystal structure. The 
appearance of the space symmetry of crystals, including the translation one, is the consequence of
multiatomic interactions (cooperative ffect) resulting in the minimum potential energy of the 
system. 
Thus crystal symmetry is the result of multiatomic (cooperative) and not simply pair interactions 
(pair interactions occur in any condensed plase but they do not provide the long-range order in 
liquids and amorphous substances). In other words, the model permits one to reveal and essential 
feature of multiatomic interactions resulting in the appearance of a certain symmetry, if the forces 
acting between the atoms are of the central nature. This solution is obtained only at the symmetry 
level. But even such a solution is of great interest, since today there is no other solution to this 
important problem. Qualitative results obtained from the consideration of simplified models 
possessing the same symmetry as the complicated models, which give no exact analytical solutions, 
are rather conventional for physics and chemistry. This approach is based on the Curie symmetry 
principle [10]. 
Another problem deserves a special attention--which polyhedra in addition to PRSa and ASRSa 
should be used in the model. We have already considered the hexagonal analogue of a 
cuboctahedron and an eight-vertex dodecahedron i  which multiatomic interactions are divided 
in two types in accordance with the number of types of polyhedral angles. In the second of these 
polyhedra, the condition of the equal edges is replaced by the condition of the maximum 
interactomic distance in the coordination sphere of a certain radius, which inevitably leads to 
polyhedra with only triangular faces. Thus the coordination polyhedra should satisfy the following 
three requirements: 
(i) they should have the maximum possible number of triangular faces, the number 
of vertices being given; 
(ii) they should have the minimum possible number of groups of edges having 
different lengths 
and 
(iii) they should have the minimum number of different (nonsymmetric and non- 
congruent) polyhedral angles. 
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All these requirements are best met by tetrahedra, octahedra nd icosahedra. The systematic 
analysis of polyhedra with due regard for all these requirements should be carried our separately, 
but we mention here as an example a tricapped trigonal prism which seems to be the most favorable 
polyhedron among the nonahedra since all its faces are triangular, there are only two groups of 
edges of different lengths (those of a trigonal prism and the caps), and there are only two groups 
of polyhedral angles (the vertices of the trigonal prism and the cap). 
The model also provides the explanation of the diversity of existing structural types proceeding 
only from the general principles. It includes the concept of closest packings of spheres but also 
explains the existence of structures having no close packings (bcc and Po structures). In distinction 
from the concept of closest packings, the model does not invoke atomic or ionic radii but considers 
interatomic distances which determine atomic interactions. The rejection of atomic and ionic radii 
permits one to avoid the solution of some problems, e.g. which kind of ions forms the structure 
framework and which ions occupy its voids in the NaCl-type structures and in the compounds 
formed by ions of approximately equal radii (e.g. BaO). 
The model also explains uncommon coordination polyhedra often encountered in intermetallic 
compounds. The asymmetry of the nearest environment of some atoms is explained by the fact 
that the atoms are included into different coordination spheres of one complex or even of several 
neighboring complexes. Therefore, when considering such structures, the main attention should be 
payed to the separation of the coordination spheres of different complexes whose repetition 
provides the translation symmetry of the crystals and not to the nearest environment of atoms. 
As follows from the above examples, the CCMAI is equally applicable to metals and 
intermetallic compounds, i.e. to compounds with mainly ionic bonding, to covalent substances such 
as diamond, and to crystals with the van der Waal's interaction between the inert-gas atoms. This 
is possible because the model takes account of atomic attraction and the mutual repulsion of filled 
electronic shells (skeletons) of atoms, although the structure type is not compared to the nature 
of chemical bonding. Such a wide applicability range of the model is its most important 
characteristic and makes the model an universal tool for the crystal-chemical nalysis of various 
structures. 
We believe that low-symmetric crystals will give numerous examples of the effect of the individual 
features of atomic interactions on the formation of crystals structures. A further development 
of the model may reveal, in addition to the above considered polyhedra, new ones whose 
combinations would explain the whole diversity of crystal structures. 
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